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A  generic  model  of  the  hybrid  system  consisting  of  an  alkaline  fuel  cell  (AFC)  and  a  heat-driven  cycle, 
which  may  work  as  either  a  refrigerator  or  a  heat  pump,  is  originally  established.  On  the  basis  of  the 
models  of  AFCs  and  three-heat-reservoir  cycles,  the  equivalent  power  output  and  efficiency  of  the  hybrid 
system  are  obtained.  The  performance  characteristic  curves  of  the  hybrid  system  are  represented  through 
numerical  calculation.  The  maximum  equivalent  power  output  and  efficiency  of  the  hybrid  system  are 
determined.  Problems  concerning  the  optimal  operation  of  the  hybrid  system  are  discussed.  The  effects 
of  the  main  irreversible  losses  on  the  performance  of  the  hybrid  system  are  investigated  in  detail.  It  is 
important  to  note  that  the  waste  heat  produced  in  the  AFC  can  be  readily  used  in  such  a  hybrid  cycle. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Alkaline  fuel  cell  (AFC)  is  one  of  the  most  mature  fuel  cell  tech¬ 
nologies  compared  to  the  others  [1,2].  It  offers  the  potential  for 
low  cost,  good  internal  thermal  management,  long  lifetime  and 
high  efficiency.  There  is  still  a  need  for  further  improvement  in 
the  AFC  technology  [3-6],  such  as  the  cathode  and  anode  devel¬ 
opment  [7-13],  the  liquid  circulating  electrolyte  analysis  [14,15], 
the  application  of  the  anion-exchange  poly  membrane  [16-19],  the 
improvement  in  the  specific  conductivity  of  aqueous  potassium 
hydroxide  solutions  [20,21  ],  the  life  cycle  assessment  [22],  and  the 
hybridization  of  AFC  and  battery  used  in  electric  vehicles  [23-25]. 

AFCs  have  been  in  use  for  more  than  30  years  by  NASA’s  manned 
spacecraft,  but  the  cost  of  the  system  is  still  the  major  barrier  if  it 
is  to  be  used  in  electric  vehicles  commercially.  Since  1970s,  the 
investigations  using  hydrogen  storage  alloys  as  the  anode  catalyst 
[26,27]  and  silver  as  the  cathode  catalyst  have  been  developed.  At 
present  many  cheaper  metals  such  as  Ag,  Co,  or  Ni  can  be  used  as 
catalyst  [28,29]. 

When  the  AFC  is  used  as  a  power  source  of  electric  vehicles  or 
residential  areas,  the  low  temperature  waste  heat  produced  in  the 
AFC  can  be  utilized  to  drive  a  refrigerator  or  a  heat  pump  rather 
than  a  heat  engine.  Through  the  combination  of  an  alkaline  fuel 
cell  with  a  heat-driven  cycle,  not  only  the  performance  of  the  AFC 
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can  be  enhanced  but  also  an  additional  refrigerating  output  or 
heat-pumping  output  can  be  obtained  to  be  used  in  the  vehicle 
or  residential  area.  Such  a  hybrid  system  is  similar  to  an  air  condi¬ 
tioning  absorption  refrigeration  system  in  a  co-generation  process 
combining  a  proton  exchange  membrane  fuel  cell  [30],  but  is  differ¬ 
ent  from  solid  oxide  fuel  cell/heat  engine  hybrid  systems  [31-35] 
investigated  widely  because  the  high-temperature  waste  heat  pro¬ 
duced  in  the  solid  oxide  fuel  cell  can  be  effectively  used  to  drive  a 
heat  engine. 

In  the  present  paper,  the  concrete  contents  are  arranged  as  fol¬ 
lows.  In  Section  2,  a  generic  model  of  the  hybrid  system  composed 
of  an  AFC  and  a  heat-driven  cycle  is  established.  The  performance 
of  the  AFC  and  the  heat-driven  cycle  is  simply  described.  The  equiv¬ 
alent  power  output  and  efficiency  of  the  hybrid  system  are  derived. 
In  Section  3,  the  general  performance  characteristics  of  the  hybrid 
system  are  discussed  and  the  optimum  operating  regions  of  some 
main  performance  parameters  are  determined.  In  Section  4,  the 
effects  of  the  main  irreversible  losses  on  the  performance  of  the 
hybrid  system  are  discussed  in  detail  and  some  interesting  results  of 
the  hybrid  system  under  different  operating  conditions  are  directly 
derived.  Finally,  some  important  conclusions  are  summarized. 

2.  The  hybrid  system  composed  of  an  alkaline  fuel  cell  and 
a  heat-driven  cycle 

A  new  hybrid  system  composed  of  an  AFC  and  a  heat  driven 
cycle  is  considered,  as  shown  in  Fig.  1,  where  the  AFC  operated  at 
temperature  T  acts  as  the  high-temperature  heat  reservoir  of  the 
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heat-driven  cycle,  qu  is  the  heat  flow  from  the  AFC  to  the  heat- 
driven  cycle,  qP  and  q0  are,  respectively,  the  heat  flows  between 
the  heat-driven  cycle  and  the  heat  reservoirs  at  temperatures  7> 
and  T0,  qi  is  the  heat  leak  directly  from  the  AFC  to  the  environ¬ 
ment,  and  Pe  is  the  electric  power  output  of  the  AFC.  It  is  very 
important  to  note  that  in  the  hybrid  system,  the  heat-driven  cycle 
may  function  as  either  a  refrigerator  or  a  heat  pump.  When  T0  >  TP 
and  switch  1  -2  is  closed,  the  heat-driven  cycle  works  as  a  refrig¬ 
erator,  qP  flows  from  the  cooled  space  at  temperatures  7>  to  the 
heat-driven  cycle,  and  q0  flows  from  the  heat-driven  cycle  to  the 
environment  at  temperature  T0.  When  T0<TP  and  switch  1-3  is 
closed,  the  heat-driven  cycle  works  as  a  heat  pump,  qP  flows  from 
the  heat-driven  cycle  to  the  heated  space  at  temperatures  7>,  and  qo 
flows  from  the  environment  at  temperature  T0  to  the  heat-driven 
cycle.  By  using  such  a  hybrid  system,  the  waste  heat  produced  in 
the  AFC  can  be  instantly  utilized  to  provide  additional  cooling  or 
heating  and  the  performance  of  the  system  can  be  improved. 


As0  are,  respectively,  the  standard  molar  Gibbs  free  energy  change 
and  standard  molar  entropy  change  at  T=  298.1 5  K  and  p  =  1 .00  atm, 
rie  is  the  number  of  electrons  transferred,  F  is  Faraday’s  constant, 
R  is  the  universal  gas  constant,  Ph2  and  Po2  are>  respectively, 
the  partial  pressures  of  reactants  FI2  and  02,  A h  is  the  molar 
enthalpy  change  at  temperature  T  and  p  =  1 .00  atm,  X  is  the  charge 
transfer  coefficient  of  the  electrodes,  i  is  the  electric  current 
density,  Ac  is  the  surface  area  of  the  interconnect  plate  (assuming 
that  the  interconnect  plates  of  AFC  have  the  same  area),  i0  is  the 
exchange  current  density  in  the  electrodes  of  the  AFC,  tde  and  o 
are,  respectively,  the  thickness  and  specific  conductivity  of  the 
aqueous  electrolyte,  and  iL  is  the  limiting  current  density. 


2.2.  The  coefficient  of  performance  of  a  heat-driven  cycle 

The  heat-driven  cycle  in  the  hybrid  system  is  directly  operated 
among  three  heat  sources  and  may  be  referred  to  as  the  three- 
heat-source  cycle  [36,37].  It  has  been  proved  that  when  the  finite- 
rate  heat  transfer  between  the  three-heat-source  cycle  and  the  heat 
reservoirs  is  considered  and  the  cycle  of  the  working  substance  is 
assumed  to  be  reversible,  the  coefficient  of  performance  of  the  heat- 
driven  cycle  for  a  given  rate  of  heat  input  qH  may  be  expressed  as 
[36-38] 
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2.1.  The  power  output  and  efficiency  of  an  alkaline  fuel  cell 


AFC  is  an  electrochemical  device  that  converts  the  chemical 
energy  of  a  reaction  directly  into  the  electrical  and  thermal  energy. 
According  to  Refs.  [1,3],  the  major  contributions  to  irreversible 
losses  in  AFC  are  three  overpotential  losses  including  activation 
overpotential  (Vact),  ohmic  overpotential  ( Vohm ),  and  diffusion  over¬ 
potential  {Vdiff).  The  voltage,  power  output,  and  efficiency  of  the  AFC 
can  be,  respectively,  expressed  as  [3] 
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UH,  UP,  and  U0  are,  respectively,  the  heat  transfer  coefficients 
between  the  working  substance  in  the  cycle  and  the  three  heat 
reservoirs  at  temperatures  T,  7>,  and  T0,  and  A  is  the  total  effective 
heat  transfer  area  of  the  three-heat-reservoir  cycle. 

As  shown  in  Fig.  1,  one  part  of  the  waste  heat  produced  in  the 
AFC  is  directly  released  to  the  environment  [39-41  ]  as  heat  leak  qL, 
and  the  other  part  is  transferred  to  the  three-heat-source  cycle  in 
the  hybrid  system.  The  heat  leak  may  be  expressed  as  [42,43] 


qL  =  KlAl(T-T0l  (5) 

where  I<i  is  the  convective  and/or  conductive  heat  leak  coefficient 
and  Ai  is  the  effective  heat  transfer  area.  According  to  the  first  law 
of  thermodynamics  and  Fig.  1,  one  can  derive  the  rate  of  heat  input 
from  the  AFC  to  the  three-heat-source  cycle  as 

qH  = -AH  -  Pe  -  qL.  (6) 


where  ENemst  =  (- A g°/(neF))  +  (A s°/(neF))(T  -  298.15)  + 

(Rr/(neF))ln(pH2  ^/p o2 )  is  the  theoretical  maximum  poten¬ 
tial  of  the  AFC.  Vaa  =  (RTI(XneF))ln(ilio\  Vohm  =  i(telela), 
Vm=(-RTI(lneF))H1-iliLl  -AH  =  (-AhiAc)/(neF),  A g°  and 


Substituting  Eqs.  (3)  and  (5)  into  Eq.  (6)  yields 
QH  =  =^r4^U'l-rle)i-b,(T-To)], 
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Table  1 

Parameters  used  in  the  model  of  an  AFC. 


Parameter 


Number  of  electrons,  ne 
Faraday  constant,  F  (C  mol-1 ) 

Standard  molar  entropy  change,  As0  (J  mol-1 )  - 1 63.4 

Standard  molar  Gibbs  free  energy  change,  Ag°  (kj  mol-1 )  -237.3 

Universal  gas  constant,  R  (J  mol-1  K_1 )  8.314 

Charge  transfer  coefficient  of  the  electrodes,  A,  0.1 668 

Thickness  of  the  electrolyte,  te/e  (m)  0.001 

Limiting  current  density,  k  (A  m-2 )  5000 


where  b\  =  I<iAineF/(-Ac  Ah).  Substituting  Eq.  (7)  into  Eq.  (4),  one 
can  obtain  the  coefficient  of  performance  and  rate  of  heat  flow 
qP  of  the  three-heat-source  cycle  as 


f  =  < 
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qp  =  ^  =  -^^[(1  -  I7e)i  -  bi(T  -  T0)W, 


Table  2 

The  values  of  some  parameters  at  temperature  353  K. 


Value 

T(K) 

Ah  (kjmol-1) 

Ph2  (atm) 

Po2  (atm) 

cr  (Sm_1) 

i'o  (Am~2) 

2 

353 

-284.3 

2.530 

0.4459 

123.5 

0.0314 

Equation  (1)  can  be  used  to  generate  the  curve  of  the  output 
voltage  E  varying  with  the  current  density  i  of  the  AFC,  as  shown 
in  Fig.  2.  It  is  seen  from  Fig.  2  that  E  of  the  AFC  is  a  monotonically 
decreasing  function  of  i.  When  i  =  imax,  E  is  equal  to  zero.  Thus,  the 
current  density  i  of  the  AFC  is  always  smaller  than  imax. 

Using  Eqs.  (2),  (3)  and  (8)— (1 1 ),  one  can  plot  the  curves  of  the 
equivalent  power  density  P*  =PAC~1  and  the  equivalent  efficiency 
q  of  the  hybrid  system  varying  with  the  current  density  i,  as  shown 
in  Figs.  3  and  4,  respectively.  Figs.  3  and  4  clearly  show  that  the 
performance  of  the  hybrid  system  is  much  better  than  that  of  a 
single  AFC  or  three-heat-source  cycle.  For  example,  based  on  the 
parameters  adopted  here,  the  maximum  equivalent  power  output 
of  the  hybrid  system  including  a  refrigerator  is  1.4  times  of  that 
of  a  single  AFC  or  3.3  times  of  that  of  a  single  refrigerator.  Mean¬ 
while  the  maximum  equivalent  power  output  of  the  hybrid  system 
including  a  heat  pump  is  2.4  times  of  that  of  a  single  AFC  or  1.2 
times  of  that  of  a  single  heat  pump.  It  is  seen  from  Figs.  3  and  4 
that  there  exist  a  maximum  equivalent  power  density  P^ax  and  a 
(9)  maximum  equivalent  efficiency  pmax  for  the  hybrid  system,  with 


where  f=((a  -  1  )2TP  -  T0)/(Ta2)-(TP  -  T0)/(b2[(1  -  rje)i-b i 

(T—  T0)])  +  l,  b2=({-AcAh)/{AneFm/^/irp  +  \/^/Lb)2,  and 
b'2  =  (-AcAh)/(AneFUH). 

2.3.  The  equivalent  power  output  and  efficiency  of  the  hybrid 
system 

Using  Eqs.  (3)  and  (7)-(9),  we  can  derive  the  equivalent  power 
output  and  efficiency  of  the  hybrid  system  as 

x  [(1  -  rje)i -  bj(T  —  To)]  1  (10) 


and 

Pe  +  <?p(l  —  (Tq/Tp))8 
*  -AH 


1-qe-yCT-T o) 


(11) 


It  should  be  pointed  out  that  although  the  model  established 
here  is  an  idealized  one,  it  can  be  conveniently  used  to  evaluate  the 
performance  characteristics  of  the  hybrid  system  and  discuss  the 
optimum  design  and  operation  of  real  fuel  cell/heat-driven  cycle 
hybrid  systems. 


3.  General  performance  characteristics  and  parametric 
optimum  criteria 

It  is  found  from  Eqs.  (l)-(3)  and  (8)-(ll)  that  the  performance 
of  the  hybrid  system  lies  on  a  series  of  electrochemical  and  thermo¬ 
dynamic  parameters  such  as  the  working  current  density  i  of  the 
AFC,  temperatures  T,  TP,  and  T0,  and  the  synthesis  parameters  a, 
bi,b2,  and  b'2  of  the  hybrid  system.  On  the  basis  of  the  parameters 
summarized  in  Tables  1  and  2  which  are  obtained  from  the  data 
available  in  literature  [1,3,9,20],  the  following  numerical  calcula¬ 
tions  are  carried  out. 


Fig.  2.  The  output  voltage  versus  current  density  curve  of  the  AFC,  where  imax  is  the 
maximum  current  density. 


P 

max 


i/Am'2 

Fig.  3.  The  equivalent  power  output  density  versus  current  density  curves  of  the 
hybrid  system  for  T = 353  K,  UH  =  Up  =  Uo,  b\  =  b2  =  0.01 ,  where  iP  is  the  current  density 
at  the  maximum  equivalent  power  output  density  P^ax-  Curves  1  and  2  correspond 
to  the  case  of  TP  =  300  K  and  T0  =  273  K  and  Curves  V  and  2'  correspond  to  the  case 
of  T0  =  300 1<  and  TP  =  273 1<. 
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efficiency  and  power  density.  Thus,  the  optimal  operating  regions 
of  the  equivalent  power  density  and  efficiency  of  the  hybrid  system 
should  be,  respectively,  determined  by 

p^ax>p>p;  (13) 

and 

r]p  <rj  <  rjmax.  (14) 

It  is  also  seen  from  Fig.  5  that  for  an  AFC  hybrid  system,  the 
equivalent  power  density  P*  at  the  maximum  efficiency  rjmax  is  very 
small  and  almost  equal  to  zero.  It  can  be  proved  that  the  product  of 
Pmax  is  much  larger  than  that  of  P*  and  rjmax.  Therefore,  the 

AFC  hybrid  system  should,  in  general,  be  operated  around  the  state 
of  the  maximum  equivalent  power  output,  unless  there  are  special 
requirements  for  the  efficiency. 


Fig.  4.  The  equivalent  efficiency  versus  current  density  curves  of  the  hybrid  system, 
where  ir,  is  the  current  density  at  the  maximum  equivalent  efficiency  ^max-  The 
values  of  the  other  parameters  are  the  same  as  those  used  in  Fig.  3. 


Fig.  5.  The  equivalent  power  output  density  versus  equivalent  efficiency  curves, 
where  rjP  is  the  equivalent  efficiency  at  the  maximum  equivalent  power  output 
density  P^ax  and  P*  is  the  equivalent  power  output  density  at  the  maximum  equiv¬ 
alent  efficiency  r]max.  The  values  of  the  other  parameters  are  the  same  as  those  used 
in  Fig.  3. 


the  corresponding  current  densities  ip  and  z^,  respectively.  It  is  also 
seen  from  Figs.  3  and  4  that  in  the  region  of  z<z^,  the  equivalent 
power  density  and  efficiency  of  the  hybrid  system  will  decrease 
as  the  current  density  i  is  decreased,  while  in  the  region  of  i  >  ip, 
the  equivalent  power  density  and  efficiency  of  the  hybrid  system 
will  decrease  as  the  current  density  i  is  increased.  It  shows  clearly 
that  although  the  regions  of  0  <  i  <  i n  and  zmax  >  z  >  ip  are  the  possibly 
working  regions  of  the  hybrid  system,  they  are  not  optimal  regions. 
Obviously,  the  optimal  working  region  of  the  current  density  should 
be  situated  between  z^  and  z>,  i.e., 


ir]  <  i  <  ip.  (12) 

It  shows  that  z>  and  in  are  two  important  parameters  of  the 
hybrid  system  as  they  determine  the  upper  and  lower  bounds  of 
the  optimized  current  density,  respectively. 

When  the  current  density  is  operated  in  the  optimal  region 
determined  by  Eq.  (12),  the  equivalent  power  density  of  the  hybrid 
system  will  increase  as  the  equivalent  efficiency  is  decreased,  and 
vice  versa,  as  shown  in  Fig.  5,  where  r]P  is  the  equivalent  efficiency 
at  the  maximum  equivalent  power  density  and  P*  is  the  equivalent 
power  density  at  the  maximum  equivalent  efficiency.  It  is  clearly 
seen  from  Fig.  5  that  r]max  and  P^ax  give  the  upper  bounds  of  the 
equivalent  efficiency  and  power  density,  while  rjP  and  P*  deter¬ 
mine  the  lower  bounds  of  the  optimized  values  of  the  equivalent 


4.  Discussion 


It  is  very  important  to  note  that  the  model  established  here 
can  be  used  to  explore  the  effects  of  some  key  parameters  on  the 
performance  of  the  hybrid  system.  Below,  the  effects  of  synthesis 
parameters  b\,  b2 ,  and  b'2  will  be  discussed  in  detail. 


4.1.  Influence  of  bi 


When  the  heat  leak  in  the  AFC  is  negligible,  b\  =  0.  In  such  a  case, 
Eqs.  (10)  and  (11)  may  be,  respectively,  simplified  as 
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Combining  Eqs.  (3 ),  ( 1 5 )  and  (16),  one  can  generate  the  performance 
characteristic  curves  of  the  AFC/heat-driven  cycle  hybrid  system, 
as  shown  by  curves  1,  3,  and  5  in  Figs.  6  and  7,  respectively.  If 
b\  >  0,  the  performance  characteristic  curves  of  the  AFC/heat-driven 
cycle  hybrid  system  are,  respectively,  shown  by  curves  1  and  V  in 
Figs.  3-5.  It  can  be  proved  from  Eqs.  ( 1 0)  and  (11)  that  the  equivalent 
power  output  and  efficiency  of  the  hybrid  system  are  monotonically 
decreasing  functions  of  b\. 


4.2.  Influence  ofb2 


When  Up  ->  oo  and  U0  -^oo,b2  =  0.  In  such  a  case,  combining  Eqs. 
(8),  (10)  and  (11),  one  can  derive  the  equivalent  power  output  and 
efficiency  of  the  hybrid  system  as 


P  = 


-iAc  Ah 
neF 


he  + 


T  -T0-  b'2[(l  -  ije)i  -  b^T  -  T0)] 
T-b'2l(I-r]e)i-b,(T-To)] 


l->)e-y(T-T0; 


(17) 
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Fig.  6.  The  equivalent  power  output  density  versus  equivalent  efficiency  curves  of 
the  AFC/heat  pump  hybrid  system  for  T  =  353  K,  TP  =  300  K,  and  T0  =  273 1<. 


and 


11  =  tie  + 


T-T0 

T 


1  -IJe-y(T-To) 


(22) 


The  performance  characteristic  curves  of  the  hybrid  system  are 
shown  by  curves  1  and  2  in  Figs.  6  and  7.  When  b\  =  0,  Eqs.  (21 )  and 
(22)  may  be  further  simplified  as 


P  = 


-iAc  Ah 
neF 


1  +  ^r(??e  —  1) 


and 


To , 


*7  =  1  +  y(^e-l). 


(23) 


(24) 


The  performance  characteristic  curves  of  the  hybrid  system  are 
shown  by  curves  1  in  Figs.  6  and  7. 

When  b2  >  0  and  b'2  >  0,  it  can  be  proved  from  Eqs.  (8),  (10)  and 
(11)  that  the  equivalent  power  output  and  efficiency  of  the  hybrid 
system  are  monotonically  decreasing  functions  of  b2  and  b'2. 


Fig.  7.  The  equivalent  power  output  density  versus  equivalent  efficiency  curves  of 
the  AFC/refrigerator  hybrid  system  for  T  =  353  K,  T0  =  300  K,  and  TP  =  273 1<. 


and 


T -T0-b'2\(1 -rje)i-bi{T -T0)] 

11  T-b'zKl-ijeJi-MT-To)] 


x 


1  -ifc-y(T-To) 


(18) 


4.4.  Two  interesting  cases  of  the  hybrid  system 

Using  Eqs.  (3),  (10),  (11)  and  (15)-(24),  one  can  discuss  the  per¬ 
formance  characteristics  of  the  hybrid  system  operated  under  the 
different  conditions  of  T0  <  7>  and  T0  >  TP. 

When  T0  <  Tp  and  switch  1  -3  in  Fig.  1  is  closed,  the  hybrid  system 
is  composed  of  an  AFC  and  a  three-heat-source  heat  pump.  Using 
Eqs.  (3),  (10),  (11)  and  (15)-(24),  one  can  obtain  the  performance 
characteristic  curves  of  the  AFC/heat  pump  hybrid  system  operated 
at  different  conditions,  as  shown  by  the  curves  in  Fig.  6  and  curve 
1  in  Figs.  3-5. 

When  T0>TP  and  switch  1-2  in  Fig.  1  is  closed,  the  hybrid  sys¬ 
tem  is  composed  of  an  AFC  and  a  three-heat-source  refrigerator. 
Using  Eqs.  (3),  (10),  (11)  and  (15)-(24),  one  can  obtain  the  per¬ 
formance  characteristic  curves  of  the  hybrid  system  operated  at 
different  conditions,  as  shown  by  the  curves  in  Fig.  7  and  curve  V 
in  Figs.  3-5. 

As  mentioned  previously,  the  heat-driven  cycle  in  the  hybrid 
system  may  work  as  either  a  refrigerator  or  a  heat  pump  through 
the  switch  control  in  Fig.  1 .  Thus,  the  hybrid  system  may  play  differ¬ 
ent  functions  according  to  different  practical  needs  to  fully  utilize 
the  waste  heat  produced  in  the  AFC. 

5.  Conclusions 


respectively.  The  performance  characteristic  curves  of  the 
AFC/heat-driven  cycle  hybrid  system  are  shown  by  curves  1-4  in 
Figs.  6  and  7.  When  b\  =0,  Eqs.  (17)  and  (18)  may  be  further  sim¬ 
plified  as 


-iAc  Ah  f 
neF  \ 


P  = 

and 

Tj  =  rje  + 


rie  +  i  1  -  Tie) 


1  -  ; 


To 


T  -  b'2{\  -  l/e)i 

O-rielT-To-bfiO-rieV] 
T-b'2{\-Tle)i 


J} 


(19) 


(20) 


respectively.  The  performance  characteristic  curves  of  the  hybrid 
system  are  shown  by  curves  1, 3  in  Figs.  6  and  7. 


4.3.  Influence  of  b2 


A  combined  cycle  model  composed  of  an  AFC  and  a  heat-driven 
cycle  has  been  originally  established  by  using  the  previously  devel¬ 
oped  models  of  AFCs  and  three-heat-source  cycles.  The  irreversible 
losses  of  the  hybrid  system  resulting  from  the  electrochemical  reac¬ 
tion  in  the  AFC  and  finite-rate  heat  transfer  in  the  three-heat-source 
cycle  are  synthetically  considered.  Expressions  for  the  equivalent 
power  output  and  efficiency  of  the  hybrid  system  are  derived  and 
used  to  discuss  its  optimal  performance.  It  is  shown  that  such  a 
hybrid  system  can  effectively  reuse  the  low  temperature  waste  heat 
produced  in  the  AFC  to  increase  the  maximum  equivalent  power 
output  of  the  system.  The  optimal  operating  regions  of  some  impor¬ 
tant  parameters  including  the  equivalent  power  output,  equivalent 
efficiency,  and  current  density  of  the  hybrid  system  are  determined. 
The  results  obtained  here  may  provide  some  theoretical  guidance 
for  the  optimal  design  and  operation  of  practical  AFC/heat-driven 
cycle  hybrid  systems. 


When  Uh  oo,  Up  ->  oo,  and  Uo  ->  oo,  b2  =  b2  =  0.  Eqs.  (17)  and 
(18)  can  be,  respectively,  simplified  as 


P  = 


-iAc  Ah  (  T  -T0 


1  -  r>e  -  4 


(21) 
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